Abstract-This paper reports the commissioning of the vertical magnetic measurement system and the room temperature (warm) and cryogenic (cold) magnetic field measurements of the first fulllength (4.2 m) quadrupole built by the U.S. Accelerator Upgrade Project (AUP) (formerly the LARP collaboration) for the high luminosity upgrade of the Large Hadron Collider at CERN. The magnet, designated MQXFAP2, is a prototype preceding production for the AUP which will provide ten sets of 8.4-m superconducting insertion region quadrupoles for the Hi-Lumi Upgrade. The quadrupoles will be built by assembling two 4.2-m magnets in a single cryostat. Agreement between Brookhaven National Laboratory's (BNL's) and Lawrence Berkeley National Laboratory's (LBNL's) warm measurement data has indicated that the upgraded vertical magnetic measurement system at Brookhaven National Laboratory is ready for MQXFA magnet production testing. The cold magnetic measurement has been performed and preliminary data analysis has been conducted.
I. INTRODUCTION

I
N THE framework of the High-Luminosity upgrade of the Large Hadron Collider (HL-LHC) to achieve peak luminosity of 5·10 34 cm −2 s −1 and to reach 3000 fb −1 integrated luminosity in the period of 2024-2026 [1] - [5] , the U.S. HL LHC Accelerator Upgrade Project (AUP) (previously LARP) collaboration and CERN have joined efforts to develop 150 mm aperture Nb 3 Sn quadrupoles in production for the LHC interaction regions [6] - [8] . The AUP has been established to fulfill a US H. Song and P. Wanderer are with Brookhaven National Laboratory, Upton, NY 11973 USA (e-mail:,honsong@bnl.gov; wanderer@bnl.gov).
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Digital Object Identifier 10.1109/TASC.2019.2904561 contribution to HL-LHC which will deliver 10 cryostatted assemblies, each containing two 4.2 m long Nb 3 Sn high gradient quadrupole magnets. They will be components of the triplets for two LHC insertion regions. To deliver these magnets (called MQXF), a full range of training and tests on the magnets is required to reach the operating currents of 16.47 kA at 14 TeV and 17.89 kA at 15 TeV, as well as magnetic field measurement to make sure that the magnetic field meets functional requirements and acceptance criteria [9] - [15] . The vertical superconducting magnet testing facility of the Superconducting Magnet Division (SMD) at Brookhaven National Laboratory (BNL) has been significantly upgraded to perform testing in superfluid He at 1.9 K and 1 bar. This paper reports recent magnetic measurement activities on the MQXFAP2 magnet and new development of the vertical magnetic field measurement facility at BNL. It includes room temperature and the magnetic field measurement at 1.9 K, and comparison with the warm measurement at Lawrence Berkeley National Laboratory (LBNL) and detailed field analysis.
II. UPGRADED VERTICAL MAGNETIC MEASUREMENT SYSTEM
A. PCB Rotating Probe and Calibration
The magnetic measurements for the MQXFAP2 magnet will employ rotating coil probes on Printed Circuit Board (PCB) as shown in Fig. 1 and the technique has been validated though the HQ magnetic measurement program [12] , [16] , [17] . The PCB board is 425 mm long, 95 mm wide and 1.5 mm thick. The MQX-FAP magnet has 150 mm aperture diameter and the reference radius for magnetic field measurement is 50 mm. The PCB has two circuits, 220 mm and 110 mm long (see Fig. 1 ) so they are called Probe 220 and 110. Their center-to-center distance is 220 mm. Each has two layers and each layer has 5 different tracks (one is a spare) side to side across the board. Each track is 18.55 mm wide and has 12 loops. The outermost trace of the PCB rotates at a radius of 50.5 mm. The loops are combined in an analog bucking configuration via jumpers on the board to have Un-Bucked (UB), Dipole-Bucked (DB), and Dipole-Quadrupole-Bucked (DQB) signals. Each circuit board has three signals for Probe 220 (Left in Fig. 1 ) and Probe 110 (Right). Note that the PCB rotating probe will be vertically placed inside the magnet bore centered by the support bearings, where Probe 110 is above Probe 220 in the vertical testing condition.
With all the geometrical information, the sensitivity matrices of Probes 220 and 110 are calculated as input for the rotating coil signals process. Note that all the PCB probe has been used in the short MQXF magnet and the probe sensitivities have been optimized. The sensitivities K 2 for the quad term are 0.0636 m 2 in long Probe 220, and 0.0317 m 2 in short Probe 110. The MQXF magnet has a gradient of 143.2 T/m at the nominal current of 16470 A, and main field B 2 at reference radius of 50 mm is 7.16 T. As a result, the flux in the UB signal is B 2 * K 2 , equal to 0.455 Vs in Probe 220. With the probe rotating at 1/3.5 Hz, the UB signal is ∼1.6 V. Similarly, the UB signal in Probe 110 is estimated at ∼0.8 V.
Furthermore, the PCB coil was calibrated in a calibration quadrupole at the Superconducting Magnet Division at BNL. The calibration magnet at BNL was powered at ∼1000 A, and the field is ∼0.167 T at a radius of 50 mm. The measured UB signals in long Probe 220 and short Probe 110 are 0.039 and 0.019 V. The calibration measurement confirmed that both circuits measure the field harmonics accurately, and the consistency between UB and DB signal within each coil is within +/−0.03%.
B. Vertical Transport System Development
As the MXQFAP2 magnet is ∼4563 mm long and the probes are only 220 m and 110 mm long, one of the key efforts is to transport the PCB rotating probe to scan the field along the magnet axis with a vertical linear motion. Fig. 2 shows the magnet vertical length, Probe 220 and 110 locations and their center-center distance, which is about 220 mm. Considering the detailed design of the PCB, the actual magnetic length is 108.74 mm for Probe 110, and 217.88 mm for Probe 220. With Probe 220 as a primary rotating coil and Probe 110 recorded in parallel, the measurement increment along the magnet axis (vertical z direction) is 108.94 mm which is nearly the Rutherford cable twist pitch length. As the Probe 220 is lower than Probe 110, its first measured point is 220 mm closer to the magnet return end than probe 110.
A LabVIEW based vertical transport motion system has been developed to transport the rotating PCB probe accurately and safely. The Aerotech linear motor has built-in LabVEW subfunctions which can be included directly in the new motion The total vertical linear stroke between HOME and the upper limit switch is 4730 mm at the maximum. Home indicates that Probe is in the lower position. When the rotating probe is at HOME position, the distance between the probe bottom and the warm bore tube (upper surface) is 355.6 mm, and the distance between the probe bottom and the bottom of magnet shell is 164.99 mm. Limit switches have been placed at the very bottom and top for motion safety. Fig. 3 . The LabVIEW-based vertical transport motion for the MQXFAP Magnet. A survey has been conducted to check the motion accuracy. One set of measurements was made from HOME position to the further end (1a), and another set for moving forwards (2a) and backwards (2b).
program. A survey has been made to check the axial motion accuracy. As shown in Fig. 3 , the motion has accuracy of 0.6 mm which satisfies the MQXFAP magnet field measurement requirement [18] . The delta Z is the difference between the target and actual locations. To implement the ZSCAN which means measurement at along the Z axis with specific steps, a script file which includes all the Z positions will be loaded to the program and start the motion. Meanwhile, a DAQ (HTBasic) system can take a single magnetic field measurement. A hand-shake function has been established to connect the LabVIEW and HTBasic systems which is a traditional Basic language used at BNL. The system will take the measurement at the first Z, and then move to the next Z while the HTBasic program is waiting. Once the next Z is reached and confirmed, the next measurement will take place, and so on until the last Z position, indicated by EOF (end of file), when the ZSCAN stops. In addition, the LabVIEW system is monitoring online three phase AC status and a realtime watch-dog is checking the system to make sure that the electrical supplies and computer operating system are working functionally. The motor will be instantly stopped if any power outage or computer system crash. Most importantly, if the power is lost, the power relay will automatically turn on the "E-Stop" in the controller and stop the motor immediately.
III. MAGNETIC MEASUREMENTS
A. Warm Measurements
The magnetic field in the aperture of the straight section of a quadrupole magnet can be expressed in terms of field coefficients in a series expansion in the following complex function formalism [19] :
where B x and B y are the horizontal and vertical field components in T in Cartesian coordinates, B n and A n are the normal and skew multipole fields at the reference radius (R ref ) of 50 mm. The normal and skew harmonics b n and a n in units are B n and A n normalized to the main quadrupole field B 2 . In late August, the warm magnetic measurement was performed at BNL before the magnet cool-down. The warm ZSCAN measurement has 42 points starting from HOME position where the probe is in the lowest position, with an increment of 108.94 mm. Harmonics up to n of 15 have been measured. Measurements at +/−15 A currents have been averaged to remove the effect of external and iron contribution fields allowing separation of the remnant field from the field due to magnet's coils. Measurements at LBNL were performed after the magnet assembly using a rotating coil with a 110 mm nominal length PCB probe developed by FNAL [25] . The transfer function has been measured and plotted along the Z direction (magnet axis). The BNL and LBNL transfer function data are plotted in Fig. 4 and they are 8.85 T/m/kA and 8.84 T/m/kA at the center. Both are very close to the design transfer function of 8.86 T/m/kA at room temperature. The two curves agree very well along the magnet axis. Note that there is no BNL data at the return end due to the limited length of the underground Dewar. The b 3 has waving pattern and reaches ∼5 units along the z axis which is mostly due to variation in conductor positioning within the coil envelope [20] , [21] .
B. Cold Measurement at 1.9 and 4.5 K
The quench training test of the second MQXFA prototype (MQXFAP2) is in progress at BNL Vertical Test Facility. The magnet reached 15 kA in 9 quenches and showed detraining after quench 13. The quench training was interrupted to discuss magnet performance and test continuation which offered an opportunity for the cold magnetic field measurements. The cold measurement has ZSCAN like that in the warm measurement, and ISCAN which is also called stair-step (or DC loop) measurement. The probe 220 is located at the magnet center while the current is held at constant. The ZSCAN was performed at currents of I inj (960 A) at 1.9 K, I lim (6 kA) at ∼2 K, 10 kA at 4.5 K. The temperature change was due to a temporary problem with the cryo facility. The short MQXF magnet data has indicated that the temperature dependence of magnetic fields is not significant. The precyle for 960 A measurement was a ramp up to 10 kA (300 second dwell) and down to I res (100 A), and up to I inj (960 A, 1000 second dwell).
The transfer functions (TF) of all the three currents are plotted along with comparison to that of averaged 15 A as shown in Fig. 6 . The magnet has highest TF at I inj (960 A) slightly higher than that of +/−15 A which is likely due to high iron permeability, but slightly decreases as current increases due to iron saturation. It agrees with the findings in the short MQXF quadrupoles [12] . In the ISCAN as plotted in Fig. 7 , both the TF and the allowed coefficient b 6 present hysteresis which is caused by persistent current. In analyzing the cold measurement data, it is found that offset occurred between the PCB probe center and the magnet center as shown in Fig. 8 . The Y direction has more offset than the X direction [22] . It has the largest offset at the lower return end and smallest at the lead end. After the magnet was warmed up and taken out of the underground Dewar, it was found that the aluminum support ring at the nonlead end is broken. Detailed structure and material investigation is underway. Moreover, the offsets increase as the current increases with larger Lorentz force. In addition, the warm bore tube (WBT) which contains the PCB rotating probe may have tilted as both the WBT and rotating probe are suspended from the top flange. A centering fixture at the nonlead end has been designed to center the rotating probe. Nonetheless, all the harmonics analysis in Furthermore, the cold multipole coefficients of 960 A, 6 kA and 10 kA are plotted along the Z axis, directly compared to the warm coefficients of 15 A in the ZSCAN as shown in Figs. 9-11 . Most of them agree with each other, and the difference between currents and deviations are likely due to the axial variations of coil size and support structure, in addition to the thermal cooling. The change in b 6 is due to a combination of iron saturation and persistent currents. The measured field quality confirms the necessity of having a fine tuning of the cross-section to increase b 6 by about 4 units [23] , [24] .
The cold and warm harmonics (b n and a n , n ≤ 6) of 10 kA and 15 A in the straight section have been averaged and plotted against each other in Y and X axis as shown in Fig. 12 . Most the data points are next to the 45 deg angle line, which indicates a correlation between the cold and warm field data. The b 6 has the largest value of −5.9 units for 15 A which is likely due to coil geometrical variation along the axis, and −4.18 units for 10 kA which is likely due to additional persistent currents. The a 3 has the largest value of 4.10 units for 15 A and 3.17 units for 10 kA as summarized in Tables I and II. On the other hand, the nonallowed harmonic that showed large values in the short model program appear to be close to the design specifications. Note that the mean and RMS are calculated on the straight section other than the magnet ends.
As the Probe 110 is about half of the Probe 220 in length, the Probe 110 is expected to have better resolution with ∼110 mm step. Data of the two probes have been compared in Fig. 13 . along the axial direction and partially the persistent current in superconductor filaments. A decision has been recently made and shall be implemented for the future magnets through a change of 0.125 mm shims in the pole and in the midplane. Most of skew components are slightly higher than the expected values. Note that the major crack and multiple small cracks have been found in the lower aluminum support ring after the magnet is taken out. It is likely the cause of the measured center offsets and the slightly larger skew components.
IV. CONCLUSION
The vertical magnetic measurement system which includes the newly developed vertical motion transport system has been commissioned for the magnetic measurement of the MQXFAP2 magnet. The agreement between the BNL and LBNL data in the warm magnetic measurements of averaged +/−15 A indicates that the PCB rotating coil does work functionally for the full-length MQXFA production magnets. The "waving pattern" variations have been observed. The coil geometrical effect likely dominates the measured b 6 which resulted in 5.9 units at room temperature. As the field requirement is on field integral, furthermore, the system has been used for the cold measurement and collected ZSCAN and ISCAN (stair-step) data. A preliminary analysis of the Probe 220 data, corrected for the center offset between the probe and the magnet, shows agreement between the warm and cold measurements. The Probe 110 does have better resolution than Probe 220 which will be used for more detailed field measurement when the magnets reaches the target training current. The measured large offsets between the magnet and PCB rotating coil centers observed at 1.9 and 4.5 K are likely because of the broken aluminum support ring at the nonlead end. Another possibility is that the long WBT may have tilted or bent due to uneven shrinkage during the thermal cooling. The better centering design of the WBT (the rotating coil) at the nonlead end has been decided and will be implemented for future MQXFA magnet testing.
